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Abstract 
 The function of solvent in facilitating long-range coupling in 
donor/bridge/acceptor complexes is not well understood.  There are exceptional 
challenges inherent to the measurement of the electron transfer coupling properties of 
solvents.  By immobilizing the donor and acceptor in a glass to eliminate the effects of 
diffusion, statistical methods of analysis can be employed to study electron transfer 
between randomly dispersed donor and acceptor molecules over long distances.  Toluene 
and 2-methyltetrahydrofuran form glasses that can solubilize donor and acceptor 
molecules at 77 K.  Exponential decay constant of 1.23 per angstrom, for electron 
tunneling through a frozen toluene glass, and 1.62 per angstrom through 2- 
methyltetrahydrofuran glass have been found. 
 Identification of the electronic coupling sites on the surfaces of proteins is usually 
achieved by inspection of a crystal structure.  These coupling spots have been 
experimentally observed by employing mixed self-assembled monolayer electrodes and a 
variety of mutants.  The electron transport protein azurin has a well defined reduction 
potential on self-assembled monolayer electrodes (0.16 V vs. saturated Ag/AgCl).  When 
a point mutation is made at position 48, electron transfer ceases.  This disruption of 
electron transfer occurs because the mutation forces conformational changes that disrupt 
a critical hydrogen bond between asparagine-47 and cysteine-112.  This hydrogen bond is 
a key element for electron transfer into and out of the protein. 
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Chapter 1 
Introduction  
 
1
Electron Transfer 
Classical theory 
 Electron transfer is the only reaction that occurs over long distances (>20 Å) with 
rates that are greater than 103 s-1.  No bonds are made or broken, only rearrangements of 
angles and bond lengths in the products are required.  The observable kinetics of electron 
transfer can be described using a small number of experimentally available factors.1 
 The seminal paper for electron transfer theory was published by Marcus in 1956.2  
Classical theory is based on the law of energy conservation and the Franck-Condon 
principle.  The electron transfer reaction only occurs at the transition state, when the 
reactants and products are of equal energy and the nuclei do not move.  This lack of 
nuclear motion occurs because the nuclei are much larger in mass relative to electrons, 
and they change their positions much more slowly than do the electrons.  In general, 
classical theory is used to describe strongly coupled (adiabatic) systems.3 
 
Semiclassical theory 
 For weakly coupled systems (nonadiabatic), the transition state must be formed a 
number of times before the electron is transferred to create the product; this electron 
transfer reaction is described by semiclassical models (Equation 1.1).4  
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The rate of the reaction (kET) is a function of temperature (T), driving force (ΔGo), 
reorganization energy (λ), and electronic coupling between the donor and the acceptor 
(HAB).  HAB is sensitive to the intervening medium and decays rapidly with distance.5-9 
 The relationship between ΔGo and λ results in four different situations (Figures 
1.1 and 1.2).  These different scenarios for electron transfer are when ΔGo = 0 (self 
exchange), the normal region where 0 ≤ -ΔGo ≤ λ, the barrierless condition where - ΔGo = 
λ, and the inverted region where -ΔGo > λ.  The barrierless situation will exhibit the 
fastest kinetics since the ground state of the products is at the transition state. 
 
Initiation of electron transfer 
 There are three main processes for initiating electron transfer: thermal, optical, 
and photoinduced.  Thermally activated electron transfer is achieved through vibronic 
coupling of the two molecules such that the activation energy is achieved and the process 
proceeds forwards.10-12  Optical electron transfer (inter-valence charge transfer) is the 
transfer of an electron between two adjacent metal ions, occurring vertically from the 
reactant state.  Absorption of a photon within the energy gap initiates the electron transfer 
reaction (Figure 1.3).13  Photoinduced electron transfer occurs when photoexcitation 
creates an excited state that is of sufficient energy for electron transfer.  Photon 
absorption results in charge separation, which is then typically followed by thermal 
charge recombination back to the original ground state unless the charge-separated state 
can further react. 
 
3
  
Figure 1.1  Diagrams showing the intersections of the Gibbs energy surfaces for the 
reactant state (black) and the product state (red): (A) isoergonic reaction were ΔGo = 0; 
(B) normal region where 0 ≤ -ΔGo ≤ λ; (C) the barrierless condition where - ΔGo = λ; 
(D) inverted region where -ΔGo > λ.  
4
  
 
 
Figure 1.2  Diagram illustrating relationship between driving force (-ΔGº) in relation to 
reorganization energy (λ) and logarithm of the rate of electron transfer (red).  Black 
curves are Gibbs free energy surfaces from Figure 1.1. 
5
  
 
 
 
Figure 1.3  Diagrams showing the intersections of the Gibbs energy surface with thermal 
electron transfer pathway (red) and optical electron transfer (inter-valence charge 
transfer) (blue). 
6
Self Assembled Monolayers 
 Self assembled monolayers (SAMs) are surfaces consisting of a single layer of 
molecules on a substrate.  SAMs are usually prepared by adding a solution of the desired 
molecule onto a substrate surface and washing off the excess, unbound molecules.  The 
desired monolayer molecule typically has a unique region that exhibits a high affinity for 
the substrate, and not to itself or another monolayer molecule.  Once full coverage of the 
substrate surface area is achieved, the monolayer does not continue to grow since 
intermolecule forces between the molecules are relatively weak.      
 Common materials used to make SAMs are alkanethiols.  Thiols have a high 
affinity for gold (145 kJ/mol) and the alkane chains pack well due to van der Waal forces.  
Alkanethiols have been well characterized.14, 15   
 Proteins have been shown to adsorb onto a variety of different SAMs.16  
Experiments on proteins adsorbed onto SAMs included biosensors,17 electron transfer 
kinetics,18 impedance spectroscopy,19 and AFM.20  Many electrochemistry experiments 
have been run as well.21, 22 
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Chapter 2 
Electron Transfer through Organic Glasses 
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Introduction 
 Many hormones in nature require amidation at the carboxyl terminus or other 
modification in order for them to be biologically active.1-4  Peptidylglycine 
α-hydroxylating monooxygenase (PHM) is an example of an enzyme that catalyzes the 
amidation reaction utilizing two copper centers.5  PHM contains two subunits; the CuA 
site acts as an electron transfer site and the CuB site acts as an oxygen binding site 
(Figure 2.1).6, 7  In a typical di-copper protein, both copper sites are saturated by protein 
ligands.  In PHM, however, the two copper centers have solvent occupied coordination 
sites.  The distance between the copper atoms is 11 Å, and crystal structures of PHM in 
both substrate-bound and unbound configurations show no variation in the Cu-Cu 
distance, ruling out the possibility that the protein undergoes a conformational change 
that brings the two metal centers into contact distance (Figure 2.2).  Spectroscopic studies 
have further confirmed that a binuclear copper center is not transiently generated during 
the enzymatic reaction.6-9  From inspection of the structures the shortest through-bond 
electron transfer pathway is 70 residues in length and the shortest pathway involving 
hydrogen-bonded residues is 24 residues.5  Catalytic turnover of the enzyme dictates that 
the electron transfer rate must be at least 100 ms-1.   This electron-transfer rate is much 
faster than that predicted by through-bond tunneling, which should occur through a 
distance of no more than about 30 Å.10   
 It has been proposed that the path of electron transfer between the two metal 
centers is directly through the 11 Å of intervening water.5  Other experimental 
observations support this idea; for example, in covalently cross-linked azurin complexes, 
structured water that formed between the two redox centers appeared to increase the  
10
  
 
 
Figure 2.1  Peptidylglycine α-hydroxylating monooxygenase (PHM) from PDB structure 
1PHM. 
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Figure 2.2  Peptidylglycine α-hydroxylating monooxygenase (PHM)  active site showing 
the 11 Å separation between the copper atoms and the interstitial water molecules shown 
in red. 
12
electron transfer rate.11  Theoretical work by Beratan et al. has proposed that for distances 
ranging from 9 Å to 12 Å, there exists a structured water motif that can facilitate electron 
transfer much more readily than through bulk water.12   
 Direct measurements of electron transfer rates through a solvent were previously 
attempted by using a variety of C-clamp shaped molecules.  In these systems, the donor 
and acceptor molecules were attached to the ends of the C-clamp molecule and thus, held 
at a well-defined distance.  The goal of the study was to allow solvent molecule(s) to 
insert into the cavity of the “C”-shape such that electron transfer rates across the solvent 
molecule could be measured.  Waldeck et al. used an anthracene donor and conjugated 
dicarboxylic acid acceptor (Figure 2.3).13  Paddon-Row et al. used a 
dimethoxynaphthalene donor and a dicyanovinyl acceptor (Figure 2.4).14  In both cases, 
the distances between the donor and acceptor were controlled via the shape and size of 
the compound.  Various compounds were made by both research groups to systematically 
modify the size of the “C” opening, and a linear version of the molecule was created as a 
control molecule.  While electron transfer was observed in these molecules, the true 
composition and local solvent network in the microenvironment between donor and 
acceptor molecules remained unknown. 
 Pulse radiolysis was used by Miller to explore statistical distributions of randomly 
dispersed donor and acceptor molecules in water glasses.15, 16    Electron transfer in 
glassed water was further refined by Ponce et al. using photochemical processes that do 
not generate the high energy solvated electron typical of pulsed radiolysis studies.17  The 
glass was created by using H2SO4/H2O and HSO3F/H2O mixtures at 25% volume/volume 
ratios at 77 K.  The donor molecule was Ru(tpy)22+ (tpy = 2,2’:6,2’’-terpyridine), and the  
13
  
 
 
Figure 2.3  Anthracene donor and conjugated dicarboxylic acid acceptor attached to a C-
clamp molecule in schematic (A) and three dimensional CPK (B) views.13 
14
  
Figure 2.4  Dimethoxynaphthalene donor and a dicyanovinyl acceptor attached to a C-
clamp molecules showing both the 7.0 Å donor/acceptor separated construct (A) and the 
9.6 Å donor/acceptor separated construct (B).14 
15
acceptor molecule was Fe(OH2)63+.  The excitation wavelength for kinetics measurements 
was 532 nm while a 514 nm beam was utilized for the relative quantum yield 
measurements.  The decay curves were multi-exponential and fit to equation 2.1, where d 
is the nearest neighbor in the lattice distance, Io is the emission intensity in the absence of 
quencher, I(t=0) is the intensity of emission at time zero, β is the distance decay factor, ko 
is the electron transfer rate at distance b, and Q is the acceptor concentration measured in 
moles per liter and distances in angstroms.18-20 
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The variables β and ko were fit to the scaled kinetic traces and produced excellent fits to 
the data (Figure 2.5).  
 
Background 
 We have now applied this technique to measure electron transfer rates in glasses 
of organic solvents.  A number of potential glassing solvents were evaluated for their 
ability to dissolve various donors and acceptors and to be non-reactive with the donor and 
acceptor.  Glassing solvents such as isopropanol, glycerol, and ethanol/methanol mixtures 
tended to degrade some of the potential donors and acceptors perhaps due to the reactive 
alcohol moiety.  Ultimately toluene and 2-methyl-tetrahydrofuran (mTHF) had the best 
solubility characteristics and were also inert to a variety of donor and acceptor molecules. 
 Multiple donor/acceptor systems were evaluated against six criteria critical for 
this experiment (Table 2.1).  Foremost, it was necessary that up to ~30 μM of donor  
16
  
 
 
Figure 2.5  Emission decay kinetics for Ru(tpy)22+ in a H2SO4/H2O glass (at 77 K) in the 
presence of Fe(OH2)63+ (upper to lower traces: 0.0, 0.05, 0.10, 0.25, 0.50 M).17 Dots 
correspond to calculated decays using equation 2.1 and the parameters listed above.  
17
  
 
 
Table 2.1  Some of the combinations of donor-acceptor pairs that were evaluated for use.  
18
compound and up to ~200 mM of acceptor molecule dissolve in the glassy solution at 
77 K.  Second, the donor/acceptor pair must have a driving force sufficient to offset the 
low temperature and solvent rigidity.  Third, the donor/acceptor pair must be chemically 
inert with respect to each other.  Fourth, the donor must exhibit a relatively long emission 
lifetime.  As the acceptor concentration is increased, the observed donor emission 
lifetime will subsequently decrease; if the donor lifetime becomes too short as a result of 
the acceptor, the decay curves will be difficult to interpret.  Fifth, there must be 
essentially no spectral overlap between the absorption spectrum of the acceptor and the 
emission spectrum of the donor.  This lack of overlap is critical to ensure that 
fluorescence energy transfer does not complicate the observed kinetics.  Finally, the 
donor/acceptor pair must be uncharged such that they will be dispersed in the solution in 
a random, statistical manner. 
 Multiple donor-acceptor systems were investigated (Table 2.1).  The donor-
acceptor pair that fulfilled all six criteria were [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 
(DIR) and 2,6-dichloro-1,4-benzoquinone (AQ) (Figure 2.6).  The donor is soluble at 77 K 
up to 100 mM and the acceptor is soluble in excess of 500 mM.  The driving force has 
been estimated from potentials measured in acetonitrile to be about 1.6 eV.21-23  The 
donor has a lifetime of 3.2 μs in toluene and mTHF at 77 K, and neither compound reacts 
with the solvent or each other on the timescale of the experiments.  The iridium donor has 
an absorption maximum of ~500 nm with a molar absorptivity of  9100 M-1 cm-1.21  The 
donor phosphorescence exhibits a maximum at ~700 nm.  The absorption maximum of 
the acceptor is at higher energies than both the donor absorption and emission, ensuring  
19
  
 
 
 
Figure  2.6  [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 donor (A) and 
2,6-dichloro-1,4-benzoquinone acceptor (B).  The color scheme is as follows:  carbon 
(grey), hydrogen (white), iridium (orange), nitrogen (blue), oxygen (red), and chlorine 
(green). 
20
that no energy transfer will occur upon excitation with a 520 nm laser source (Figure 
2.7).  Finally, neither of the molecules has a net charge so a true statistical distribution 
will be achieved in the glassy solvent.   
 
Experimental 
[Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 synthesis 
 The donor was prepared using a previously published synthesis.24  Bis(1,5-
cyclooctadiene)diiridium(I) dichloride and pyrazole were purchased from Sigma-Aldrich 
and used as is.  A THF pyrazole solution was added dropwise to a THF and triethylamine 
solution of the Bis(1,5-cyclooctadiene)diiridium(I) dichloride.  The color of the iridium 
solution slowly changed from red to purple.  After 30 minutes the reaction was pumped 
to dryness leaving a dark purple/black residue in the flask.  The residue was then 
extracted with a small volume of THF; this crude THF solution containing donor was 
passed through an alumina column to remove excess pyrazole.  The eluent was then 
slowly evaporated to achieve a highly concentrated solution of donor from which pure 
donor could be crystallized.  Hexane was then layered on top of this concentrated THF 
solution (approximately 1/3 the volume of the concentrated solution).  The flask was then 
placed into a -20 ºC freezer for three days.  Needle-shaped red crystals were then 
removed via suction filtration using a fine frit (Figure 2.8).  Chemical composition was 
determined by elemental analysis (Desert Analytics, Tucson, AZ 85717) (Table 2.2) and 
X-ray crystallography (Caltech X-ray crystallography facility) (Figure 2.9). 
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Figure 2.7  Absorption spectrum of the donor in green (DABS), emission spectrum of the 
donor in red (DEM), and absorption spectrum of the acceptor in blue (AABS).  The 
excitation wavelength of 520 nm and observation wavelength of 680 nm are indicated on 
the graph.   
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Figure 2.8  [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 red needle donor crystals under 20x 
magnification.   
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Table 2.2.  Experimental and calculated elemental analysis of donor and acceptor 
molecules.  
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Figure 2.9  Crystal structure of [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 and table of 
selected bond lengths [Å]. 
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2,6-dichloro-1,4-benzoquinone purification 
 2,6-dichloro-1,4-benzoquinone was purchased from Sigma-Aldrich.  Solutions 
prepared from this source were found to have variable purity and as a result, the acceptor 
was recrystallized from ethanol prior to use.  The resulting yellow needle-like crystals 
were dried under a vacuum for several hours.  Chemical composition and ethanol 
removal were confirmed by elemental analysis (Table 2.2).   
 
Solvent preparation 
 Toluene was acquired from the Peters group solvent system and was held in a dry 
solvent bomb.  The toluene was used within an hour and excess toluene was discarded.  
The 2-methyl-tetrahydrofuran was acquired form Sigma-Aldrich in a “septa seal” bottle.  
It was found that the mTHF became wet with time and was consequently stored in a 
bomb under nitrogen and over a piece of sodium metal. 
 
Sample holder and dewar configuration 
 Sample tubes were made by the Caltech glass shop.  Tubes are 30 cm long and 0.7 
cm in diameter.  A glass liquid nitrogen dewar with a square finger was also constructed 
by the Caltech glass shop.  A teflon collet and lid were made to hold the sample tube in 
the dewar (Figure 2.10).  An external frame that rigidly held the dewar in place on a laser 
table or in the fluorimeter was also constructed.  Sample positioning was highly 
reproducible.  Rubber size 11 seals were used to cap the sample tubes.  Helium gas was 
bubbled through the liquid nitrogen during the experiment to retard boiling during  
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Figure 2.10 Picture and dimensions of finger dewar, collet, and lid used for 77 K 
measurements and dewar holder. 
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measurements.  Dry air was constantly blown onto the finger dewar to prevent the 
formation of ice. 
 Samples were created from the same donor and acceptor stock solutions at the 
same time to minimize sample variances.  A 400 mM acceptor stock solution was diluted 
with a 200 μM donor stock solution and excess solvent in order to create samples with 30 
μM donor and 0, 50, 100, 150, and 200 mM acceptor.  These solutions were transferred to 
sample holders that had been cleaned with aqua regia, rinsed with nano-pure water, and 
stored in an oven.  The samples then underwent three cycles of freeze-pump-thaw to 
remove oxygen.  The resulting samples were stored in liquid nitrogen and used within the 
next four hours.  Prior to spectroscopic measurements, the samples were completely 
thawed and vitrified by immersion into liquid nitrogen in the sample dewar.  Once the 
samples were glassed, the liquid nitrogen was topped off and boiling of the liquid 
nitrogen was eliminated by submerging a helium gas tube to the bottom of the dewar, and 
then slowly raised to a level above the sample path. 
 
Kinetics measurements 
 Kinetic traces were acquired using the Beckman Institute Laser Resource Center’s 
nanosecond transient emission/absorption setup.  Excitation of the sample was achieved 
by a Spectra-Physics model P 190-10 Nd:YAG laser coupled to a Spectra-Physics MOPO 
operating at 10 Hz.  Sample emission was collected using a Instruments SA (ISA Edison, 
NJ) model DH10 (1200 grooves/mm) double monochromator and Hamamatsu R928 
PMT with a 5 stage socket made by Products for Research (model 
R928/17149.00301.0040 Bridgewater, NJ).  A 650 nm long pass filter was placed in front 
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of the entrance slit to remove scattering signal from the excitation beam.  Signal from the 
PMT was amplified with a Phillips Scientific 100 MHz bipolar amplifier (100x).  Data 
was collected with a LeCroy 9354A digitizing oscilloscope.   
 
Relative quantum yield measurements 
 Excitation of the sample was achieved by a Coherent Innova 70 argon ion laser 
emitting 514 nm light.  Luminescence was collected and dispersed using a Spex 750 (3/4 
meter) spectrograph coupled to a Princeton Instruments liquid nitrogen cooled CCD 
camera.  A 650 nm long pass filter was placed in front of the spectrograph entrance slit to 
prevent laser scatter from entering the spectrometer.   The sample was regularly thawed, 
reglassed, and rotated to average away scatter from cracks that form in the 77 K glass.  A 
statistical average of the intensity at 580 nm was determined.  Quantum yield 
measurements exhibited an error of less than 2% (standard deviation/mean). 
 
Data analysis 
 The relatively long excited state lifetime allowed us to probe electron transfer 
over long distances (∼20 Å).  The luminescence quantum yield was drastically reduced 
and the decays became faster and highly nonexponential upon addition of acceptor (0.05-
0.20 M).  Since a substantial amount of luminescence quenching occurs on a sub-
nanosecond timescale, the 10 ns time resolution of our instrument prevented direct 
measurement of I(t=0).  Therefore, kinetic traces were integrated and the areas under the 
decay curves were adjusted to reflect the relative quantum yield data that was obtained.  
Integrated intensity values of each of the traces were then scaled to the decay curve of the 
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pure donor sample, which was adjusted to have an intensity of 1 at time zero (Figure 2.11 
and 2.12).  Semiclassical theory was invoked to describe how the rate of electron transfer 
decays exponentially with distance (Equation 2.2, 2.3, Chapter 1).  For a given driving 
force (ΔG), reorganization energy (λ), and temperature (T), the rate or electron transfer, 
kET,  depends on distance between donor and acceptor (r), HAB0 (contact coupling), and a 
distance decay parameter (β).   
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If the donor and acceptor molecules are randomly distributed, translational motion is 
slow with respect to electron transfer, the rate of electron transfer is independent of 
molecular orientation, and the electron transfer rate of the system has an exponential 
distance dependence, then Equation 2.4 can be used to describe the kinetics of the 
system.19, 20 
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Equation 2.4 describes the luminescence decay, I(t), in terms of luminescence intensity at 
time zero, I(t=0), the lifetime of the donor in the absence of acceptor (τo), the  
30
  
 
 
Figure 2.11 Scaled kinetic traces of [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 and 
2,6-dichloro-1,4-benzoquinone acceptor in 2-methyl-tetrahydrofuran at 77 K.
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Figure 2.12 Scaled kinetic traces of [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 and 
2,6-dichloro-1,4-benzoquinone acceptor in toluene at 77 K.
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concentration of acceptor in molarity [A], van der Waals contact distance (ro), the 
electron transfer rate at contact distance between the donor and acceptor (koET), and the 
distance decay factor (β).  The van der Waals contact distance was determined by 
modeling crystal structures of the donor and acceptor together and finding the shortest 
distance between the two centers of the molecules; ro was found to be 4 Å.   
 
Discussion 
Measurements of luminescence quantum yields relative to an unquenched sample 
allowed proper scaling of the time resolved data,25, 26 thereby reducing the number of 
unknowns in Equation 2.4 to two parameters: the distance decay parameter β and the 
electron transfer rate koET at donor/acceptor contact distance ro.  We find that the 
following β-values adequately describe electron transfer in both glasses (Table 2.3); 
toluene 1.27Å-1 ± 0.07 (Figure 2.13) and mTHF 1.60Å-1 ± 0.07 (Figure 2.14).  The 
electron transfer rate constants at contact distance are near 1013 s-1.  Thus, tunneling 20 Å 
through toluene is about 750 times faster than tunneling through mTHF and roughly 450 
times faster than tunneling through water (β = 1.68 ± 0.07 Å-1 and koET ∼ 1013 s-1) (Figure 
2.15).17   
 Coupling between donor and acceptor is mediated by intervening bridges, which 
may consist of a covalent bonding network or solvent molecules.  A superexchange 
model describes HDA as a product of nearest neighbor interactions (Equation 2.5) between 
the donor and the bridge states (hDb), adjacent bridge states (hbb), and the bridge and 
acceptor states (hbA).27 
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Table 2.3 Best-fit values of β and koET (Equation 2.4) extracted from luminescence decay 
kinetics and quantum yields of [Ir(μ pyrazolyl)(1,5 cyclooctadiene)]2 quenched by 
electron transfer to 2,6-dichloro-1,4-benzoquinone in glasses at 77 K.  
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 Figure 2.13 Luminescence decay kinetics (black) for 
[Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 in toluene glass at 77 K in the presence of 2,6-
dichloro-1,4-benzoquinone (upper to lower traces: 0.0, 0.05, 0.10, 0.15, 0.20 M). The 
smooth red line is the calculated decay using Equation 2.4 and the parameters listed in 
Table 2.3
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 Figure 2.14 Luminescence decay kinetics (black) for 
[Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 in MTHF glass at 77 K in the presence of 2,6-
dichloro-1,4-benzoquinone (upper to lower traces: 0.0, 0.05, 0.10, 0.15, 0.20 M). The 
smooth green line is the calculated decay using Equation 2.4 and the parameters listed in 
Table 2.3 
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Figure 2.15 Tunneling time table of vacuum (black), mTHF (green), water (blue), 
toluene (red), and polyxylene bridged systems (gray).28  Dotted line is β = 1. 
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Δε is the tunneling energy gap, or the energy difference between the donor/acceptor state 
at the transition state configuration and the energy of the one-electron reduced states of 
the bridge.  n is the number of identical bridge units.  Decreasing Δε is expected to lead to 
greater donor/acceptor coupling and more efficient ET.29  According to McConnell’s 
model, HDA decreases exponentially with increasing donor/acceptor distance.  Hydrogen 
bonds have been known to mediate coupling between individual bridge units, and 
experimental studies have shown that electron transfer across hydrogen bonds can be 
efficient.12, 30-32  Based on hydrogen bonding strength and in the absence of any other 
effects, decreasing electron transfer efficiency should correlate with decreasing ability to 
form a hydrogen bond.  This means the efficiency of water > mTHF > toluene; which is 
exactly the opposite of what is observed.  Band gap differences between the individual 
solvents provide reasonable approximations to the differences in the tunneling energy 
gaps. The lowest energy absorption maxima in the various solvents are 151 nm for 
water33, 188 nm for mTHF34 and 260 nm for toluene.35  Thus, in toluene, Δε will be about 
1.8 - 2.0 eV smaller than in mTHF and roughly 3.4 eV smaller than in water (Figure 
2.16).   
Polyene and phenylenevinylene bridged donor/acceptor systems exhibit 
remarkably efficient electron transfer rates over long distances.  β values on the order of 
0.2 Å-1 and below have been found.28, 36, 37  In these systems, the bridge state energies 
strongly depend on the length of the bridge, and the contribution from each additional 
bridge state is altered as a result of conjugation.  In solvent-mediated electron transfer  
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Figure 2.16  Schematic of the tunneling energy gaps of water, mTHF, and toluene.  The 
lowest energy absorption maxima in the various solvents are 151 nm for water33, 188 nm 
for mTHF34 and 260 nm for toluene.35 
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from free donor to free acceptor, this complication arising from the effects of conjugation 
is eliminated.  Electron transfer rates along a polypeptide backbone in a β-strand 
conformation also exhibits an exponential distance dependence (β of 1.1 Å-1) 38 which is 
close to that found for alkane chains (β of 1.0 Å-1).39-41  Electron tunneling through 
mTHF should be similar to tunneling through a β-strand backbone or alkane chain since 
the composition of the medium is similar (C-C single bonds).  Analogously, tunneling 
though toluene should be similar to polyxylenes, based solely on the composition of the 
medium (aromatic C-C bonds).  In both the mTHF and toluene systems, tunneling 
through the van der Waal gap imparts a penalty to electron transfer rates. 
 
Future work 
 Protein environments are extremely complex.  Nature utilizes van der Waal 
forces, salt bridges, disulfide bonds, and ligands to metals for a variety of purposes, 
including providing well-defined structures, catalysis reactions, and electron transfer 
reactions.  Most ubiquitous of all these interactions is the hydrogen bond.  Electron 
transfer through hydrogen bonds has been studied.12, 42, 43  The experiments on electron 
transfer through glasses described here may be applied to learn more about the nature of 
the hydrogen bond.  We have found multiple analogs of mTHF and toluene that have the 
ability to from hydrogen bonds, dissolve the donor and acceptor in sufficient quantities, 
and form glasses at 77 K.  These experiments are ongoing. 
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Conclusion 
 We have investigated electron transfer though mTHF and toluene glasses.  We 
have determined that the exponential decay constants are 1.60 Å-1 and 1.27 Å-1 
respectively and that there is a penalty for tunneling through van der Waal contacts.  
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Chapter 3 
Electron Transfer and Bridge Energy Levels 
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Introduction 
 A β value of 1.1 Å-1 for proteins provides a good first approximation to a broad 
set of data from ruthenium-modified proteins.1-3  These studies have established that the 
secondary and tertiary structure of a protein have important effects on long distance 
electronic coupling.  For example, weak coupling in the photosynthetic reaction center 
maintains the electron/hole separation that is critical for its function.4  The sensitivity of 
this coupling, HDA, on Δε (Chapter 2),5 could potentially be exploited by minimizing Δε 
for photoinduced charge-separation while maximizing Δε for thermal charge 
recombination reactions.  This ability to modify HDA via alterations in Δε may be a useful 
tool for the optimal photogeneration of charge separated species and efficient artificial 
photochemical energy storage. 
 
Background 
Electron transfer through randomly dispersed toluene molecules occurs 
efficiently, and reasonably compares to electron transfer through covalently linked alkane 
(Figure 2.15).  The relatively small value of β = 1.27 Å-1 for toluene is likely a result of 
intramolecular aromaticity, which compensates for the weak coupling between individual 
toluene solvent molecules (hbb) relative to the case of mTHF.  The β value of 0.76 Å-1 for 
the covalently linked xylyl bridges likely results from strong coupling between individual 
bridge units combined with small tunneling energy gaps.6   
Superexchange theory suggests that the β of a system depends on the size of the 
bridge unit (δ), the coupling between the repeating bridge units (hbb), and energy gap 
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between the donor/acceptor electron transfer transition state and the electron affinity or 
ionization potential of the bridge (Δε) (Equation 3.1).5, 7, 8  
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Photoinitiated electron transfer between an iridium dimer and quinine acceptor 
(Chapter2) occurs as a result of electron tunneling through the bridge.  The energy gap 
(Δε) is a function of the potential of the donor/acceptor pair and the electron affinity of 
the bridge.  By modifying the bridge material so that the electron affinity of the bridge 
molecule is lower, yet ensuring that the coupling strength and the repeating bridge size 
remain unaltered, a smaller value of β could be obtained to enhance the electron transfer 
rate. 
Multiple commercially available mTHF and toluene analogs were investigated, 
such as 2-(dichloromethyl)-tetrahydrofuran, 2-(chloromethyl)tetrahydrofuran, 2-
(bromomethyl)tetrahydrofuran, 2-(iodomethyl)tetrahydrofuran, tetrahydrofuran-3-
carboxaldehyde tetrahydro-2-furancarbonitrile, benzyl-fluoride, benzyl-chloride, benzyl-
bromide, benzyl-iodide, difluoromethylbenzene, dichloromethylbenzene, 
dibromomethylbenzene, trifluoromethylbenzene, trichloromethylbenzene, 2,3,4,5,6-
pentafluorotoluene, 2,3,4,5,6-pentachlorotoluene, 2,3,4,5,6-pentabromotoluene, 
perfluorotoluene, 2-fluorotoluene, 3-fluorotoluene, 4-fluorotoluene (Figure 3.1).  All of 
these solvents, but one, were unsuitable for the experiment.  A majority did not glass, and  
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 Figure 3.1  MTHF and toluene analogs 2-(dichloromethyl)-tetrahydrofuran (A), 2-
(chloromethyl)tetrahydrofuran (B), 2-(bromomethyl)tetrahydrofuran (C), 2-
(iodomethyl)tetrahydrofuran (D), tetrahydrofuran-3-carboxaldehyde (E), tetrahydro-2-
furancarbonitrile (F), benzyl-fluoride (G), benzyl-chloride (H), benzyl-bromide (I), 
benzyl-iodide (J), difluoromethylbenzene (K), dichloromethylbenzene (L), 
dibromomethylbenzene (M), trifluoromethylbenzene (N), trichloromethylbenzene (O), 
2,3,4,5,6-pentafluorotoluene (P), 2,3,4,5,6-pentachlorotoluene (Q), 2,3,4,5,6-
pentabromotoluene (R), perfluorotoluene (S), 2-fluorotoluene (T), 3-fluorotoluene (U), 4-
fluorotoluene (V).     
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those that did form a glass lacked the ability to dissolve the donor or acceptor in any 
appreciable amount.  Only 3-fluorotoluene (Figure 3.1, (U)) successfully formed a glass 
at 77 K, dissolved the donor and acceptor in sufficient concentrations (~0.5 M), and 
remained inert to the donor and acceptor molecules.  Hence, 3-fluorotoluene was 
investigated as a modified bridge molecule to potentially enhance the electron transfer 
rate. 
 
Experimental 
Donor and acceptor synthesis and purification 
 [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 and 2,6-dichloro-1,4-benzoquinone were 
obtained as described in Chapter 2. 
 
Solvent preparation 
 The 3-fluorotoulene 99% was acquired form Sigma-Aldrich in a “septa seal” 
bottle.  The solvent was found to be sufficiently dry and was used as is. 
 
Sample holder and dewar configuration 
 The identical sample holder set up was used as described in Chapter 2. 
 
Kinetics measurements 
 The kinetic measurement was obtained as described in Chapter 2. 
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Relative quantum yield measurements 
 Quantum yield measurements were obtained on the same sample used in kinetics 
experiments, and within hours of performing kinetics measurements.  The relative 
quantum yields were obtained using a custom built dewar holder that sat inside the 
sample chamber of a Fluorolog Model FL3-11 fluorometer with a Hamamatsu R928 
PMT (Figure 2.10).  Positional reproducibility was high, and resulted in error of less than 
1% (standard deviation/mean).  Entrance and exit slits were set at 1 mm and integration 
time was set to 1 second, with 30 measurements acquired per sample.  Excitation was 514 
nm and the luminescence was measured at 680 nm.  Standard deviation for the quantum 
yield measurements was approximately 10%. 
 
Data analysis 
 Data analysis was preformed using the same methods described in Chapter 2.  
Kinetics of donor luminescence in 3-fluorotoluene was highly nonexponential in the 
presence of acceptor and the decay curves were similar to those of donor in toluene 
(Figure 3.2).  Matlab 13 (MathWorks Natick, MA) and Igor Pro 5.01 (Wavemetrics Lake 
Oswego, OR) were used to fit the scaled kinetics to Equation 2.4 (Figure 3.3, Table 3.1). 
 
Discussion 
 The exponential decay constant (β) for 3-fluorotoluene was found to be 1.25 Å-1 ± 
0.08, which is essentially identical to the value for toluene of 1.27 Å-1 ± 0.07 (Chapter 2).  
Assuming that all relevant molecular properties of 3-fluorotoluene are identical to those 
of toluene with the exception that electron affinity is potentially lower in 3-fluorotoluene,  
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Figure 3.2 Scaled kinetics traces of [Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 and 
2,6-dichloro-1,4-benzoquinone acceptor in 3-fluorotoluene at 77 K. 
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Figure 3.3  Luminescence decay kinetics (black) for 
[Ir(μ-pyrazolyl)(1,5-cyclooctadiene)]2 in 3-fluorotoluene glass at 77 K in the presence of 
2,6-dichloro-1,4-benzoquinone (upper to lower traces: 0.0, 0.05, 0.10, 0.15, 0.20 M). The 
smooth black line is the calculated decay using Equation 2.4 and the parameters listed in 
Table 3.1. 
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Table 3.1  Best-fit values of β and koET (Equation 2.4) extracted from luminescence 
decay kinetics and quantum yields of [Ir(μ pyrazolyl)(1,5 cyclooctadiene)]2 quenched by 
electron transfer to 2,6-dichloro-1,4-benzoquinone in 3-fluorotoluene at 77 K. 
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the hypothesis was that electron transfer in 3-fluorotoluene should be faster than in 
toluene.  No information on the electron affinity of 3-fluorotoluene could be found in the 
literature.  However, it is known that the energy of the LUMO scales linearly with 
electron affinity in small molecules.9  DFT calculations of mTHF, toluene, and 3-
fluorotoluene were performed using Jaguar (Shrödinger, Inc.).  Results from this 
calculation indicated that there is very little difference in the energy levels of toluene and 
3-fluorotoluene (Figure 3.4); this finding is consistent with the experimental observation 
that the β values for toluene and 3-fluorotoluene are identical within the errors of this 
experiment.  It appears that the single fluorine atom on the benzene ring of toluene does 
not enhance the electron withdrawing capabilities of 3-fluorotoluene to lower the electron 
affinity sufficiently and hence, we are unable to observe the effect of a change in Δε on 
electron transfer rates.   
 
Conclusion 
 We have determined that the exponential decay constant for 3-fluorotoluene is 
1.25 Å-1 ± 0.08.  This value is identical to the value found for toluene, and this similarity 
may be due to the lack of a dramatic effect of a single fluorine atom on the electron 
affinity of toluene.  
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Figure 3.4  HOMO and LUMO energy levels for mTHF, toluene and 3-fluorotoluene 
from DFT (B3LYP) calculations. 
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Chapter 4 
Electron Transfer Through Biological Molecules 
56
Introduction 
 Azurin is a well known copper containing protein with a 50+ year history.  In 
1956 it was reported that Pseudomonas aeruginosa contained a blue protein.1  It was first 
proposed in 1958 that this intense blue color arose from copper bound to a polypeptide 
chain.2  The absorption maximum of this blue species was centered at about 600 nm and 
the color intensity was about 80 times greater than that of the same concentration of 
copper in the form of cuprammonium ion.2  It was also discovered that the blue color 
disappears reversibly if a reducing agent such as sodium dithionite is added, or 
irreversibly if the protein is denatured chemically or thermally.  Dialysis against cyanide 
was performed, and the blue color could be made to disappear and then reappear upon 
addition of a Cu2+ solution to the apo-protein.3  These properties were further 
investigated, and the protein responsible for the blue color, azurin, was isolated and found 
to be common in other species such as Pseudomonas, Bordetella, and Alcaligenes.4-7  It 
was eventually determined that azurin acts as an electron shuttle between cyctochrome 
c551 and nitrite reductase in denitrifying pathways.7, 8 
  
Background 
Azurin from Pseudomonas aeruginosa contains 128 residues, and has a molecular 
weight of about 14 kDa.9  It contains 12 β-sheet strands (43 residues), 4 α-helices (21 
residues, and a disulfide bridge (Figure 4.1).  This structure is very stable and has a 
denaturation temperature of around 80 ºC.10  The stability of the molecule is attributed to 
the ridged β-sheet motif it has (Figure 4.2). 
57
  
 
 
 
Figure 4.1  Polypeptide sequence of azurin from Pseudomonas aeruginosa, highlighting 
how β-sheet, α-helix, random coil, loops, and disulfide bridges map onto the sequence.  
Short arrowheads indicate sections of extended strands that participate in the beta 
ladder.11  Data obtained from 4AZU PDB file.  
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 Figure 4.2  Structure of azurin from Pseudomonas aeruginosa in two views to illustrate 
β-sheet/β-barrel structural motif.  The copper atom and ligands are shown.  Data obtained 
from 4AZU PDB file. 
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 The redox active site of azurin is a type 1 copper center.  The copper is ligated by 
two histidine residues (H46 and H117) and a cysteine residue (C112) in a trigonal planar 
structure. There are also two weakly interacting axial ligands, methionine (M121) and the 
backbone carbonyl of glycine (G45) (Figure 4.3).  The reduction potential of this center 
(and many mutants) has been determined to be 0.31 V vs. NHE.12-15   
 The electron transfer pathway in azurin is of great interest.  One approach that has 
shed light on electron transfer pathways in proteins is the study of self-assembled 
monolayers (SAMs) on electrodes.  An example of a protein that has been studied in this 
manner is cytochrome c (cyt c).  It has been established that cyt c can be immobilized 
electrostatically on carboxy terminated SAMs (HOOC-SAMs).16, 17  This system has been 
investigated by surface enhanced resonance Raman spectroscopy, and it was reported that 
when cyt c is immobilized on the SAM, it retains its native structure and orientates such 
that the heme edge is towards the SAM electrode.18  In addition to the structure of cyt c 
on the SAM, the region within the protein that couples to the SAM has been elucidated 
by the use of multiple cyt c mutants on the HOOC-SAM.16, 17   
This successful technique to determine the electron transfer pathway “hot spot” in 
cyt c was used to investigate electron transfer pathways in azurin and the CuA soluble 
domain of cytochrome c oxidase from Thermus thermophilus (CcO) with the goal of 
determining one or more strong coupling sites.  One region of azurin considered 
important for electron transfer is the environment surrounding H117.  This ligating 
histidine residue is solvent exposed and is thought to be responsible for electron self-
exchange reactions15, 19-22 as well as intermolecular electron transfer with nitrate  
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Figure 4.3  Redox active site of azurin.  The copper atom is ligated by two histidines 
(H46 and H117), a cysteine (C112), a methionine (M121) and the backbone carbonyl of 
glycine (G45). Data obtained from (4AZU PDB file). 
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reductase.23  A separate hydrophobic patch is believed to be responsible for coupling to 
cyt c551.23 
 Another important electron transfer protein is CuA, which is a binuclear copper 
subunit of CcO.   The soluble domain of CuA contains 121 residues (called soluble CuA) 
and has a molecular weight of approximately 15 kDa (Figures 4.4 and 4.5).  This protein 
acts as the site at which cyt c binds to CcO and transfers electrons into the protein to be 
further utilized to reduce dioxygen to water.  The two copper atoms in CuA are bridged by 
2 cysteine residues creating a “diamond core” structure (Figure 4.6).  It has been 
suggested that the solvent exposed residue H157 is a likely region of coupling to 
cytochrome a in CcO.24 
 This chapter describes the study of azurin and soluble CuA immobilized on SAM 
electrodes.  Previous work has utilized alkane-terminated SAMs to immobilize azurin and 
obtain a voltammetric response.25  Ulstrap et al. has published a comprehensive report on 
azurin on CH3-SAM/gold electrodes.26, 27  Wild-type azurin and the following four azurin 
mutants were studied to investigate the role of the important native residue, tryptophan 
48, in the electron transfer reaction:  W48F/Y72F/H83Q/Q107H/Y108F (all-Phe), 
W48F/Y72F/H83Q/Y108F/K122W/T124H (all-Phe-W122), 
W48F/Y72F/H83Q/Q107H/Y108W (all-Phe-W108), and Y72F/H83Q/Q107H/Y108F 
(all-Phe-W48).22, 28  The soluble domain of CuA was also investigated to help elucidate 
the electron transfer hot spot in this system. 
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Figure 4.4  Polypeptide sequence of soluble CuA from Thermus thermophilus, 
highlighting how β-sheet, α-helix, random coil, loops, and disulfide bridges map onto the 
sequence.  Short arrowheads indicate sections of extended strands that participate in the 
beta ladder.11  Data obtained from 2CUA PDB file.  The transmembrane domain is not 
included.   
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Figure 4.5  Structure of CuA from Thermus thermophilus.  Data obtained from 2CUA 
PDB file.  The copper centers and ligands are indicated.  
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Figure 4.6  Redox active site of CuA binuclear center; bridging cysteines (C149, C153), 
The first copper atom (CuA#1) utilizes histidine (H114) and methionine (M160) as 
ligands while the second copper atom (CuA#2) incorporates histidine (H157) and 
carbonyl oxygen (N151) as ligands. 
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Experimental 
Azurin site directed mutagenesis 
 Azurin was expressed from a plasmid from the Richard’s group.29  Primers were 
obtained from Invitrogen (Table 4.1).  HPLC grade water (1 ml) was added to the primer 
to obtain a primer concentration of 50 ng/μl.  Primers were vortexed, allowed to sit for 10 
minutes, then vortexed again.  A QuikChange site-directed mutagenesis kit from 
Stratagene (La Jolla, CA) was used to make new plasmids via polymerase chain reaction 
(PCR) following a timing sequence in a thermal cycler (Table 4.2).   
 
Azurin plasmid amplification 
 Mutant plasmid was obtained by transforming PCR product into XL1-Blue Super 
competent cells (Stratagene La Jolla, CA).  Cells were thawed and kept on ice and 
combined with 1 μl of PCR product.  Cells were then warmed to 42 ºC in a warm water 
bath for 45 seconds, and then placed back on ice for 5 minutes.  Cells were then 
transferred to 200 μl of NZY+ broth in a 10-ml falcon tube.  (NZY+ broth per liter: 10 g 
of NZ amine (casein hydrolysate), 5 g of yeast extract, 5 g of NaCl. Add deionized H2O 
to a final volume of 1 liter.  Adjust to pH 7.5 using NaOH. Autoclave. Add the following 
filer-sterilized supplements prior to use: 12.5 ml of 1 M MgCl2, 12.5 ml of 1 M MgSO4, 
20 ml of 20 % (w/v) glucose)  Culture was placed in a shaker at 37 ºC for 1 hour and was 
then plated to an LB agar plate that had 70 mg/liter ampicillin.  (LB agar medium per 500 
ml: 5 g of NaCl, 5 g of tryptone, 2.5 g of yeast extract, 10 g of agar.  Add deionized H2O 
to a final volume of 500 ml.  Autoclave.  Let cool to 55 °C and add 500 μl of 70 mg/ml  
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 Table 4.1  Primers used to generate mutant azurin: W48F/Y72F/H83Q/Q107H/Y108F 
(all-Phe), W48F/Y72F/H83Q/Y108F/K122W/T124H (all-Phe-W122), 
W48F/Y72F/H83Q/Q107H/Y108W (all-Phe-W108), and Y72F/H83Q/Q107H/Y108F 
(all-Phe-W48).  The 5’ to 3’ antisense sequence is not included.  Primers must be applied 
in the order in which they are listed as some primers rely on previous site directed 
mutagenesis to bind. 
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Table 4.2  PCR thermal cycler temperature and time table. 
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filter-sterilized ampicillin.  Pour into petri dishes, ~25 ml/100-mm plate).  Plates were 
allowed to incubate inverted for 24 hours at 37 ºC.  A single colony was selected and 
transferred to a falcon tube with 5 ml LB media.  Culture was then allowed to incubate 
for 24 hours at 37 ºC.  Media was then centrifuged at 5000 rpm, decanted and the pellet 
was saved.   
 
Azurin plasmid isolation 
Plasmid was isolated using QIAprep Miniprep (Qiagen Valencia, CA) plasmid 
DNA purification kit.  Isolation of plasmid was performed exactly as outlined in the 
instruction manual.  After plasmid isolation, 15 μl of product was submitted to the 
Caltech DNA Sequencing Facility.  Sequences were confirmed for correct mutation and 
were either expressed or used as a new template for the next mutation. 
 
Azurin protein expression 
Expression of azurin was performed in Novagen BL-21(DE3) cells.  Single-use 
tubes of BL-21 were thawed and placed on ice.  Each tube received 1 μl of the plasmid to 
be expressed and was allowed to sit on ice for 5 minutes.  Transformation was achieved 
by placing the cells in a hot water bath at 42 ºC for 30 seconds, and then placed on ice for 
another 5 minutes.  80 μl of NZY+ broth was then added and mixed gently.  Mixture was 
placed in a falcon tube and incubated at 37 ºC for 1 hour and poured onto an agar plate 
that had 70 mg/liter ampicillin.  Plates were incubated inverted for 24 hours at 37 ºC.  A 
single colony was selected and transferred to a falcon tube with 10 ml LB media and left 
to incubate at 37 ºC for 12 hours.  1 ml of this culture was then added to 1 liter of TB 
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media with 70 mg/liter ampicillin (6 liters were grown at a time).  Liter growth flasks 
were then placed into a shaker and incubated at 37 ºC for 16 hours.  After 16 hours, 
isopropyl β-D-1-thiogalactopyranoside (IPTG) was then added (1ml of 0.4 M), and 
incubation was continued for another 4 hours.   
After a total of 20 hours of growth plus induction, the cells were pelleted via 
centrifugation at 6000 RPM.  The cell pellet was resuspended in 25 mM pH 7.2 
potassium phosphate buffer.  About 10 mg of lysozyme (Sigma L-6876) and 40 μl of 
DNAse I (RNAse free, Roche Basel, Switzerland [10 units/μl]) were added, and the 
solution was allowed to sit on ice for an hour.  The solution was then centrifuged at 9500 
RPM for 30 minutes and the supernatant was collected.  The supernatant was brought to 
50 mM sodium acetate (NaOAc) using a 1M NaOAc pH 4.3 stock buffer solution.  At 
this pH, azurin remains in solution while other proteins precipitate out of solution.   Solid 
CuSO4 was then added to bring this solution to 20mM CuSO4; addition of CuSO4 
changed the solution to a blue color.  This blue solution was centrifuged for 10 minutes at 
5000 RPM to isolate crude azurin in the supernatant, which was stored at 4 ºC for 24 
hours. 
 
Purification of azurin 
 The blue crude azurin solution was concentrated using Amicon Ultra-15 10,000 
NMWL from Millipore (Danvers, MA) to a protein concentration of 1mM in 25 mM 
NaOAc pH 4.5 buffer.  Protein can be stored as such at 4 ºC indefinitely.  A Mono-S 
column (Pharmacia) was used to purify azurin.  The Mono-S column was attached to a 
Pharmacia fast protein liquid chromatography system (FPLC) and washed with 10 
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column volumes of 300 mM NaOAc pH 4.5 buffer and 10 column volumes of 25 mM 
NaOAc pH 4.5 to ensure that the column was free of contaminants.  About 1 ml of the 1 
mM azurin was loaded onto the Mono-S column and eluted at a flow rate of 1 ml/min 
over the next hour using the buffers and parameters listed in Table 4.3.  Azurin came off 
the FPLC around 48 ml into the run.  Fractions were assessed using UV-Vis absorption 
spectroscopy via the LMCT band of azurin at 628 nm (ε = 5900 M-1cm-1).  Combined 
fractions were then re-concentrated using an Amicon and samples were sent to the 
Protein and Peptide Mass Analysis Laboratory at Caltech to verify the mass.  Purity was 
also verified by checking the A628/A280 ratio (A628/A280 = 1.18). 
 
CuA expression 
 The soluble CuA plasmid from Thermus thermophilus was developed by Slutter in 
the Richards lab.30  The wild-type plasmid was transformed into BL-21(DE3) cells and 
the protocol for overexpression of CuA is identical to that described above for azurin.    
 
Purification of CuA 
 CuA was purified using an FPLC and Mono-Q column (Pharmacia).  The Mono-Q 
column is attached to the FPLC and washed with 10 column volumes of 25 mM 
diethanolamine (DEA), 200 mM NaCl at pH 9.0, and with 10 column volumes of 25 mM 
DEA at pH 9.0 to ensure that the column was free of contaminants.  CuA was exchanged 
into 25 mM DEA buffer using an Amicon concentrator.  About 1 ml of 1 mM CuA was 
loaded onto the Mono-Q column and eluted at a flow rate of 1 ml/min over the next hour 
using the buffers and parameters listed in Table 4.4. 
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Table 4.3  Mono-S FPLC buffer and eluent composition table. 
 
 
 
Table 4.4  Mono-Q FPLC Buffer and eluent composition table.  
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Gold bead-SAM electrode synthesis 
 Gold electrodes were made by melting 99.999% gold wire (Alfa Aesar/Johnson 
Matthey Ward Hill, MA) in a hydrogen flame.  The tip of the wire was slowly placed into 
the flame until a gold bead formed at the end of the wire.  At this point the wire was 
cleaned by placing it in boiling concentrated H2SO4 for about 2 hours.  The gold bead 
was then subjected to an oxidation-reduction cycle (ORC) in 1 M H2SO4 between -0.3 
and 1.5 V for 20 cycles at a scan rate of 20 mV/s until a well-defined Au(111) 
voltammogram was obtained (Figure 4.7).31  Any gold bead not exhibiting a 
voltammogram like Figure 4.7 was excluded.  The gold bead electrodes were then rinsed 
with Milli-Q water, sonicated in Milli-Q water for 2 minutes to remove any trace of acid, 
and re-rinsed with Milli-Q water. 
Mixed SAMs were prepared by immersing gold bead electrodes into ethanol 
solutions containing a fixed ratio of alkanethiol to hydroxy alkanethiols to achieve H3C-
/HO- head group ratios of the following:  pure methyl, 3:1, 1:1, and 1:3 mole ratios.   
SAM surface compositions were not experimentally determined.  The mixed alkanethiol 
and ω-hydroxy alkanethiols were as follows: (i) [H3C(CH2)8SH + HO(CH2)8SH], (ii) 
[H3C(CH2)11SH + HO(CH2)11SH], (iii) [H3C(CH2)13SH + HO(CH2)11SH], and (iv) 
[H3C(CH2)15SH + HO(CH2)11SH].  Gold electrodes were then immersed into a 200 μM 
solution of thiols in ethanol.  The electrode was left undisturbed for 3-5 hours in the dark 
to allow the thiols to adsorb to the gold surface.   
 Nonanethiol, CH3(CH2)8SH, dodecanethiol, CH3(CH2)11SH, hexadecanethiol, 
CH3(CH2)15SH, and 11-mercapto-1-undecanol, HS(CH2)11OH, were purchased from  
Aldrich Chemical Co. (St. Louis, MO). Tetradecanethiol, CH3(CH2)13SH, was purchased 
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Figure 4.7  Voltammogram of clean Au(111) bead electrode.  The oxidation-reduction 
cycle was performed in 1 M H2SO4 between -0.3 and 1.5 V for 20 cycles at a scan rate of 
20 mV/s.  The reference electrode contained saturated Ag/AgCl and the counter electrode 
was a Pt electrode. 
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 from Fluka Chemie AG (Buchs, Switzerland).  8-Mercapto-1-octanethiol, HS(CH2)8OH, 
and 8-mercaptooctanoic acid, HOOC(CH2)7SH, were purchased from Dojindo Molecular 
Technology (Gaithersburg, MD).  Thiols were used without further purification. 
Further cleaning and activation of the new SAM surfaces was required.  ORC was 
preformed between 0.5 and -0.2 V in 10 mM NaOAc pH 4.6 until the cyclic 
voltammogram (CV) that was obtained from the bare SAM was nearly flat and without 
features in the relevant region (Figure 4.8).  To adsorb protein onto the SAM surfaces, the 
SAM electrodes were immersed in 100 μM protein solutions overnight in a refrigerator.  
The electrodes were thoroughly rinsed with Milli-Q water to remove excess protein from 
the surface prior to electrochemical measurements. 
 
Electrochemical measurements 
 The electrochemical cell was cleaned by immersion it into boiling Milli-Q water, 
and used as soon as it cooled.  After each electrochemical experiment, each SAM 
electrode was subjected to cathodic stripping to determine the amount of SAM on the 
electrode.  Cathodic stripping was performed in 0.5 M KOH solution in the potential 
range -0.5 to -1.3 V.31, 32 
The cell electrolyte was deoxygenated with an argon sparge and kept under an 
argon atmosphere during the experiment (Figure 4.9).  The solution used for both azurin 
and CuA is 10 mM ammonium acetate (NH4OAc) at pH 4.6.  The counter electrode was a 
platinum coil and reference electrode was a saturated Ag/AgCl electrode (0.197 vs. 
NHE).  All measurements were performed using a model 660 Electrochemical 
Workstation (CH-Instrument, Austin, TX) at room temperature (Figures 4.10 to 4.13). 
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Figure 4.8  Cyclic voltammogram of gold/SAM electrode without protein.  Potential 
range of interest is flat and free of any features. 
76
  
 
 
 
Figure 4.9  Diagram of electrochemical cell used for experiments.  
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Figure 4.10  Cyclic voltammograms of the CuA domain on a [CH3(CH2)8SH + 
HO(CH2)8SH] SAM in 10 mM NH4OAc buffer solution at pH 4.6. Scan rate 50 mV/s; 
potential vs. Ag/AgCl. CH3(CH2)8SH + HO(CH2)8SH mixing ratio (a) 100:0; (b) 3:1; (c) 
1:1; (d) 1:3. 
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Figure 4.11  Cyclic voltammogram of wild-type azurin on a 1:1 [CH3(CH2)8SH + 
HO(CH2)8SH] SAM in 10 mM NH4OAc solution at pH 4.6. Scan rate 50 mV/s; potential 
vs. Ag/AgCl. 
79
 Figure 4.12  Cyclic voltammograms of azurin mutants on a 1:1 [CH3(CH2)8SH + 
HO(CH2)8SH] SAM in 10 mM NH4OAc solution at pH 4.6. Scan rate 50 mV/s; potential 
vs. Ag/AgCl. CVs are (a) W48F/Y72F/H83Q/Q107H/Y108F mutant (All Phe); (b) 
W48F/Y72F/H83Q/Q107H/Y108W mutant (All Phe-W108); (c) 
W48F/Y72F/H83Q/Y108F/K122W/T124H mutant (All Phe-W122). 
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Figure 4.13  Cyclic voltammogram of azurin mutant on a 1:1 [CH3(CH2)8SH + 
HO(CH2)8SH] SAM in 10 mM NH4OAc solution at pH 4.6. Scan rate 50 mV/s; potential 
vs. Ag/AgCl. CV is of Y72F/H83Q/Q107H/Y108F mutant (All-Phe-W48). 
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Discussion 
Surface Coverage 
 Well defined voltammetric responses were obtained from the mixed SAM 
electrodes.  By varying the ratio of the -CH3 and -OH SAM head groups, effects of 
surface coverage (Γ) could be observed.  By measuring the diameter of the gold bead 
(assuming perfect sphere), the surface area for protein binding can be determined.  
Crystal structures of both azurin and CuA can be used to calculate and average binding 
footprint of each protein.  Assuming that each protein donates or receives a single 
electron, the number of electrons can be counted and the surface coverage of the SAM 
electrode can be determined (Figure 4.14).  The coverage of the electrode was found to 
be dependent on the ratio of the -CH3 and –OH groups.  The 1:1 mixed [CH3(CH2)8SH + 
HO(CH2)8SH]  monolayer yielded a ΓAzurin of 65%.  This value was much larger than a 
ΓAzurin of 10% which had been previously reported on –CH3 terminated SAMs.27  It was 
also found that the 1:1 mixed monolayer gave the best surface coverage for CuA (40% 
coverage).   
The surface coverage was also found to be dependent on the length of the SAM 
alkane chain (Figure 4.15).  We did not find a monotonic decrease of ΓAzurin with chain 
length that correlates with the solubility of the alkanethiols in water.  Instead, other 
effects such as increased conformational flexibility of the longer chains and incomplete 
coverage may contribute to the observed chain-length dependence. 
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Figure 4.14  Variation in the amount of immobilized azurin (black dots) 
and the CuA domain of cytochrome c oxidase from T. thermophilus (red dots) on mixed 
[CH3(CH2)8SH + HO(CH2)8SH] SAMs in 10 mM NH4OAc solution at pH 4.6. 
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Figure 4.15  Amount of immobilized azurin (black triangles) and the CuA domain of 
cytochrome c oxidase from T. thermophilus (red dots) on 1:1 mixed (alkanethiol + ω-
hydroxy-alkanethiol) SAMs with various chain lengths in 10 mM NH4OAc solution at 
pH 4.6. 
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Formal potentials - Azurin 
 The formal potential obtained from the midpoint of the peak-to-peak oxidation 
and reduction potential of wild-type azurin is 0.15 V vs. saturated Ag/AgCl, and is 
independent of the CH3/OH-head group ratio.  This value agrees well with the results 
from Ulstrup et al. on alkanthiol SAMs,26, 27 but it is 40-50 mV more positive than other 
values.14, 25, 33  The potential of the Y72F/H83Q/Q107H/Y108F (all-Phe-W48) mutant is 
0.16 V vs. saturated Ag/AgCl, which is very similar to that of wild-type azurin.  High-
resolution crystal structures of wild-type and the all-Phe-W48mutant indicate that the 
redox center and local hydrogen bonding network of the redox center are unperturbed in 
these two systems. 
 
Formal potentials - CuA 
 The formal potential obtained from the midpoint of the peak-to-peak oxidation 
and reduction potential of the soluble CuA is 0.10 V vs. saturated Ag/AgCl, which is 
approximately 0.006 V more negative than the value determined at pH 8 in solution.34 
 
Electron transfer through SAMs - Azurin 
 Electron transfer between spatially fixed reactants has a first-order rate constant 
ket (Equation 4.1),35 where κ(r) is the transmission coefficient when reactants are at  
 
RTGrk onet λλνκ 4/)(exp[)( 2Δ+−⋅=     (4.1) 
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distance r, νn is the nuclear frequency factor (νn = 1013 s-1), λ is the reorganization energy, 
and ΔGo is the free energy of the reaction.  For long-range electron transfer κ(r) << 1, and 
κ(r)νn is 10-13 s-1 at r = ro (Equation 4.2). 
 
)](exp[)( onn rrr −−⋅= βννκ       (4.2) 
 
In electrochemistry, ΔGo = 0 and λel is one-half of the self exchange reaction (λel = λ11/2); 
the rate then becomes (Equation 4.3) 
 
)4/exp()( RTrk elnet λνκ −⋅=      (4.3) 
 
Coupling between gold and the redox center can be written as Equation 4.4 
 
SAMerproteinABH κκκ int2 ∝       (4.4) 
 
κ protein, κinter, and κSAM are the transmission coefficients for the protein, between the 
protein and the SAM, and through the SAM.  κ protein and κSAM have been well established 
experimentally.17, 36-40  Electron transfer rates for protein immobilized on SAMs are given 
by: 
 
])3(exp[)](exp[ intint SAMererproteinproteinoet nddkk βββ +−⋅+−⋅=  (4.5) 
 
)4/exp( RTk elno λν −⋅=       (4.6) 
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where dprotein represents the distance from the redox center to the coupling site on the 
surface of the protein and dinter is the distance between the surface coupling site on the 
protein and the head of the SAM.  βprotein, βinter, and βSAM represent the exponential decay 
of the protein, interstitial space between the SAM and protein, and the SAM.  The 
number of methylene groups in the SAM is represented by n. 
 The rate constant (ket) through HO(CH2)11S- SAM is 63 s-1.31  The βSAM is 0.71 ± 
0.01 Å-1, which is independent for any redox species when n > 6.17  The maximum rate 
constant (ko), when r = ro and ΔGo = 0, is estimated to be 5.4 x 1011 s-1 at 298 K assuming 
υn = 1013 s-1 and λel = 0.3 eV.  Assuming that βprotein ≈ 1.0/bond, βSAM = 1.1/bond, dinter = 
3 Å, and βinter = 2.7 Å-1 Equation 4.7 can be derived.39-41 
 
)1.114exp()]3(exp[104.563 11 ×−⋅+−⋅×= proteinproteind β   (4.7) 
 
From this equation, the number of bonds through which the electron tunnels is 
dproteinβprotein = (r – ro) = 4.5 bonds.  If λel is lowered to 0.1 eV, the number of bonds 
tunneled through is 6.5.  Based on this analysis, we estimate that the number of bonds the 
electron tunnels through in azurin is between 4 to 5 bonds.  This result suggests that the 
coupling “hot spot” is relatively near the redox center of the protein. 
 
Electron transfer through SAMs - CuA  
 The λel for CuA from pulse radiolysis kinetic experiments is 0.4 eV.42  This low 
reorganization energy indicates that the number of bonds through which electron 
tunneling occurs in CuA is about 5, which is very similar to the case of azurin.  
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 Chain length effects 
 The electron transfer rate constants as a function of the number of methylene 
groups in the SAM were evaluated and found to have a linear relationship between the 
logarithm of the electron transfer rate and chain length for n ≥ 9 (Figure 4.16).43  For n < 
9 it is proposed that the coupling of the electron transfer hot spot is perturbed.  The 
calculated value of β for the methylene group is 1.1.  
  
Tryptophan 48 mutants 
 Mutations at position 48 in azurin (W48F) effectively turned off electron transfer 
into and out of the redox center.  Tryptophan 48 has been thought to play a role in the 
electron transfer pathway of azurin.22, 28  This residue is in the center of the protein in a 
very hydrophobic region.44  It is located directly opposite of the redox center from H117 
which has been implicated to be the coupling site for electron transfer (Figure 4.17).15, 19-
23  W48 is located approximately 13 Å from H117, and 10 Å from the redox center, 
towards the center of the protein.  We believe that a mutation at position 48 causes 
distortions along the polypeptide backbone and affects the orientation of the nearest 
neighbor residues; because the tryptophan is in an optimized environment for its shape, 
any new amino acid side chain will perturb the local environment.  One of these nearest 
neighbors is asparagine 47, which makes a hydrogen bond through the amide nitrogen to 
the sulfur of the copper-ligating residue, cysteine 112.  Any mutation to position-48 
subsequently causes small distortions to the N47 hydrogen bond to C112.  These subtle  
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Figure 4.16  Electron transfer rates vs. SAM chain lengths for azurin (red dots), the 
Y72F/H83Q/Q107H/Y108F (all-Phe-W48) mutant (green dots), and the CuA domain 
(blue downward triangles) immobilized on mixed monolayers of (alkanethiol + ω-
hydroxy alkanethiol).  Results for cyt c on carboxylic acid terminated alkanethiol SAM 
(black squares) are also included.  Fit of the experimental data to an exponential decay 
factor β = 1.1 per CH2 (·······) gives R2 = 0.97 when n ≥ 9. 
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Figure 4.17  Ribbon structure of azurin (4AZU) showing copper redox center, H117, and 
W48. 
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but significant changes are evident when overlaying the crystal structures of wild-type 
azurin and the all-Phe mutant azurin (Figure 4.18).   
 In further work (unpublished) we have explored mutations at position 47 
(N47X/F48W/Y72F/H83Q/Q107H/Y108F, where position 47 has been changed to N47A 
N47D, N47K, N47R, N47L, and N47T).  All but 2 of these mutants are redox inactive 
even though these mutants contain tryptophan at position 48.  Mutations N47D (218 mV) 
and N47T (250 mV) maintain the pathway into the redox center.  Molecular modeling 
has shown that mutations of aspartate and threonine not only fit into the area vacated by 
asparagine, but they also have complimentary charges to mimic the two hydrogen bonds 
asparagine makes with threonine 113, specifically the hydrogen bond to the backbone 
T113 nitrogen (Figure 4.19).  Maintaining this hydrogen bonding network near T113 may 
be important for preserving the critical hydrogen-bonding structure around C112.  
  
Amine based SAMs 
 Mixed SAMs (CH3/HO-head groups) have produced excellent response from both 
azurin and CuA.  The 1:1 ratio produced the largest surface coverage for both proteins.  In 
order to investigate whether the critical interaction between the protein and SAM is a 
general hydrogen bond formed between the protein and SAM head group, or the specific 
presence of an alcohol group, similar mixed SAM systems were created with amine 
(NH2) terminated thiols.  The mixed amine SAMs resulted in cyclic voltammograms that 
mimicked the ones produced from the hydroxy terminated mixed SAMs (Figure 4.20).  
This result implies that it is the general hydrophobic/hydrophilic nature of the SAMs that 
allows for successful binding of proteins to it.  The identities of the specific hydrogen- 
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Figure 4.18 Overlay of the copper centers of wild-type and all-Phe (in green) 
azurins, black dashed line is N47-C112 hydrogen bond. 
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Figure 4.19  N47 side chain hydrogen bonding to T113 side chain and backbone 
nitrogen, dashed lines are T113-N47 hydrogen bonds. 
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 Figure 4.20  Cyclic voltammograms of azurin on [CH3(CH2)8SH + H2N(CH2)8SH] 
mixed SAM in 10 mM NH4OAc solution at pH 4.6. Scan rate 50 mV/sec. 
[CH3(CH2)8SH : H2N(CH2)8SH] at a ratio of (a) 1:1 and (b) 1:3. 
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bonding atoms that constitute the SAM are less critical; both amines and hydroxyl groups 
gave similar results.  
 
Ionic strength dependence on potentials 
 The effect of ionic strength on redox potentials and kinetics of wild-type azurin 
and the Trp48-all-Phe mutant was studied.  It is feasible that a high salt concentration in 
the region where the protein couples to the SAM could cause a charge-screening effect 
that may interfere with the electron transfer reaction.  However, the experiments 
indicated that no such effect occurred in our salt concentration range of up to 100 mM; 
the results demonstrated no major modification in the voltammograms with high salt 
concentration (Figure 4.21).   
  
pH dependence on potential 
 Well-defined electrochemical response curves have been obtained from wild-type 
azurin, making it a perfect testing tool to explore pH effects on electron transfer. 
Equation 4.8 was used to study the effect of pH on potential.45  
][
][log601 +
+
+
++=
HK
HK
n
EE
OX
RED
e
mm      (4.8) 
 
In the equation KOX and KRED are the proton dissociation constants for a group with two 
redox states.  Em1 is the mid point potential at acidic pH, and the number of electrons, ne, 
is 1.  By fixing ne = 1, we obtain pKOX = 5.7 (±0.1), pKRED = 8.1 (±0.1) (wild-type); and 
pKOX = 5.7 (±0.1), pKRED = 8.3 (±0.1) (W48-all-Phe) (Figure 4.22).  The potentials at 
low pH are more than 150mV higher than at high pH, which contrasts to what is found in  
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Figure 4.21  Cyclic voltammograms of wild-type (a) and Trp48-all-Phe (b) azurins on a 
1:1 CH3(CH2)8SH:HO(CH2)8SH gold electrode in 100 mM NH4OAc buffer at pH 4.6. 
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Figure 4.22  Midpoint potentials vs. pH: wild-type and Trp48-all-Phe azurins on a 1:1 
CH3(CH2)8SH:HO(CH2)8SH gold electrode. Other fits are based on literature data: 
[Solution (wild-type)];46 and [Gold (wild-type); PEG (wild-type)].45 Inset: Kox and Kred 
are the protonation constants for the oxidized and the reduced forms of the protein; and 
Em1 and Em2 are the midpoint potentials at low and high pH.  
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solution.9, 46, 47  This variation likely arises from the unique SAM/protein interface.  
Because H35 is the only non-coordinating histidine present in both the wild-type and 
W48-all-Phe, it is likely that the observed pKs are attributed to the equilibrium of the 
imidazole ring.  
 At pH 11 the CV peak separation for wild-type protein is very small, indicating 
that electron transfer is more rapid at this high pH.43  This increase in rate may be due to 
enhanced coupling of the SAM to N47 caused by deprotonation of a nearby residue. 
 
Future work 
 Ongoing projects in the group continue to probe a number of topics presented in 
this chapter.  Multiple mutations at position 47 are currently being explored to probe the 
role of the residue in electron transfer in azurin.  While the work on cyt c and azurin has 
been able to elucidate feasible electronic coupling sites on the protein,31, 48 currently there 
are no attempts to create CuA mutants to elucidate possible coupling spots on this system.  
However, a variety of projects may prove to be very interesting.  CuA and the CcO are 
very well conserved structurally from Archaebacteria to mammalian systems (Figures 
4.23 and 4.24).  This interface to cyt c has been part of life’s machinery for billions of 
years untouched.  In order to find the coupling “hot spots” on CuA a method similar to 
what was used on cyt c should be employed.  For example, mutations that will add steric 
bulk over the proposed coupling site should retard electron transfer and shed light on the 
site of optimal coupling.  Two such point mutations include V112F and G154Y; this 
mutation may successfully shield the proposed coupling spot (carbonyl oxygen on  
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 Figure 4.23  Structures of the CuA domain (white) and the CcO subunit 1 domain (blue) 
of (a) T. thermophilus (Cys153), PDB code 1EHK (b) R. Sphaeroides (Cys256), PDB  
code 1M56, and (c) bovine (Cys200), PDB code 1OCC, cytochrome c oxidase. Capping 
aromatic residue W104, W148 and F88 in yellow, and ligands C153, C256 and C200 in 
green, with the cysteine backbone carbonyl in red.   
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Figure 4.24 Structures of the CuA binuclear redox center showing the conserved 
geometry between T. thermophilus and bovine sites.  W104 and F88, aromatic capping 
residues, occupy analogous regions in the protein.  Bottom image is a 90 degree rotation 
of the top image.  
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ligating cysteine residue C153) (Figure 4.25), resulting in diminished electron transfer 
rates. 
 
Conclusion 
 The redox potentials of wild-type azurin, several azurin mutants, and CuA have 
been determined using SAM electrodes (azurin = 0.15 V and CuA = 0.10 V vs. Ag/AgCl).  
The mutants have allowed for the identification of an optimal electronic coupling spot in 
azurin near N47, which contrasts to what has previously been suggested as the electronic 
coupling spot (H117).  Future work may also elucidate good electronic coupling points in 
CuA.   
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Figure 4.25  Structural models of wild-type CuA and the proposed V112F/G154Y 
mutant.  Accessibility to the cysteine residue (green) has been effectively reduced in the 
V112F/G154Y mutant, and a decrease in electron transfer rate should be observed. 
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Chapter 5 
Resonance Raman of the Tryptophan Radical 
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Introduction 
 Free radicals and biological systems do not appear to go well together on the 
surface.  Severe damage can be done to DNA1 or proteins2 by highly reactive species like 
superoxide (O·2-) or peroxide (HOO·).  The first protein discovered to have a radical 
species associated with its normal catalytic cycle was ribonucleotide reductase (RNR).3, 4  
RNR is a heterodimeric tetramer that catalyzes the conversion of ribonucleoside 5’-
diphosphates to deoxyribonucleotide triphosphate via a tyrosyl radical species.5  
 It has been found that many proteins utilize amino acid radicals as part of their 
catalytic functions;6 galactose oxidase,7 amine oxidase,8 and pyruvate formate lyase9 are 
a few examples.  Studies of the radical species have primarily been achieved with EPR or 
time resolved absorbance spectroscopy.  There are very few reports of the vibrational 
structures of amino acid radicals.10, 11 
 
Background 
 Raman spectroscopy is a method used to study the vibrations of a molecule and 
gain information on structure and local environment.12, 13  It is an inelastic scattering 
technique in which the scattered light is shifted to lower or higher energies depending on 
whether energy is deposited into or removed from a vibrational mode of the molecule.  
Resonance Raman spectroscopy is a form of Raman spectroscopy where the energy of 
the incident light is resonant with an electronic transition of the molecule.  In this case, 
scattering from vibrational modes that are coupled to the electronic transition are 
selectively enhanced. 
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 Resonance Raman spectroscopy has become more prevalent since the invention of 
the laser, but still has its limitations.  Compounds that are highly fluorescent often mask 
the Raman spectrum of a molecule of interest.  For the study of transient species, 
compounds that are short lived and therefore, cannot be generated in sufficient quantities, 
are also a challenge for Raman spectroscopy.  Radicals in short peptide chains have 
lifetimes around 400 ns.14  The radical in DNA photolyase has a lifetime of 10 ms.15  A 
mutant of ribonucleotide reductase has been shown to have a relatively long lifetime of 
49 seconds.16  Despite the success with which the radicals can be generated, none of these 
radicals are sufficiently long lived or can be generated in sufficient quantities for steady-
state resonance Raman spectroscopy. 
 Transient Raman spectra of tyrosine and tryptophan radicals were previously 
obtained by ionizing the residue in water with a 235 nm excitation beam using a 20-Hz 
Nd-YAG laser with 5.5 mW average power.10  Raman spectra were acquired with low 
and high power densities.  The difference between the two spectra was assumed to be that 
of the radical species (Figure 5.1) 
Recently Schelvis et al. reported a time resolved resonance Raman study of the 
neutral radical Trp306 in DNA photolyase.17  They acquired spectra at 0.7 ms and 2 ms 
after excitation, obtaining a difference spectrum between these two times and assumed it 
is of the tryptophan radical (Figure 5.2).  Their results agree well with normal mode 
calculations performed on indole rings.18 
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 Figure 5.1  (A) Off-resonance Raman spectrum of tryptophan model compound with 488 
nm excitation using a CW laser. (B) UV resonance Raman (UVRR) spectrum of a 5 mM 
tryptophan solution with 235 nm excitation using a 20-Hz Nd-YAG laser (5.5 mW 
average power) focused above the sample; (C) same conditions as B but with the laser 
beam focused at the sample; (D) spectrum of the tryptophan transient obtained as the 
difference spectrum between B and C.10 
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Figure 5.2  Raman spectra of E. coli photolyase obtained with 10 mW pulsed excitation 
at 527 nm at 1.5 (a) and 0.5 kHz (b) repetition rates. (c) 1.5 kHz - 0.5 kHz difference 
spectra after buffer correction. (d) Reduced photolyase: Raman spectra of MTHF. (e) 
Trp306·: spectrum c corrected for MTHF contributions. (f) Trp306· in D2O. Dashed lines: 
removal of FADH· and buffer contributions.17 
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           A special tryptophan radical has been discovered in which the lifetime is hours.19  
This radical was discovered by accident in the Gray group.  The engineered azurin trp108 
mutant was supposed to be an exercise in studies of electron hopping.  A covalently-
bound, oxidized Re metal center created the tryptophan radical, but this radical remained 
in situ and did not oxidize the Cu center.  The radical was characterized by EPR and 
transient absorption spectroscopy (Figure 5.3). 
 This long lived tryptophan radical is an excellent candidate to be studied with 
resonance Raman spectroscopy. 
 
Experimental 
Azurin mutant expression 
 The Q107H/W48F/Y72F/H83Q/Y108W mutant was expressed and purified as 
described previously in Chapter 4. 
 
Rhenium (I) (1,10-phenanthroline) tricarbonyl η1-tetrahydrofuran triflate synthesis 
 Rhenium (I) (1,10-phenanthroline) tricarbonyl η1-tetrahydrofuran triflate (DMP-
Re) was prepared following a published procedure.20-22  0.2 g of 4,7-dimethyl-1,10 
phenanthroline (TCI America Boston, MA) was dissolved in 15 ml of dry toluene, under 
a nitrogen purge with a reflux condenser.  0.3 g of pentacarbonylchloro-rhenium(I) was 
added, and the resulting mixture was a chalky white.  The solution was heated to 60 ºC 
for an hour.  After an hour the solution had a yellow suspension; the solution was filtered 
through a fine frit and the solid was collected.  The solid was washed with toluene, 
resuspended in methylene chloride, decanted and pumped to dryness.  The resulting solid  
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 Figure 5.3  A: X-band EPR spectrum of W108 azurin (77 K, pH 7.2 KPi, υ = 9.4753 
GHz, modulation amplitude = 0.2 mT, microwave power ≈ 200 μW). Lower left inset: 
285 GHz EPR spectrum under nonsaturating conditions (50 K, modulation amplitude = 
0.1 mT).  Upper right inset:  Decay of EPR signal as a function of time. B:  Transient 
absorption spectrum of W108 azurin recorded 20 μs after flash/quench of 63 mM 
Re(I)Az(W108)Zn(II)/5 mM [Co(NH3)5Cl]Cl2 in 50 mM KPi (pH 7.2) at room 
temperature.  Inset: Rise in signal at 520 nm as a function of time delay after excitation. 
Spectra are from reference.19 
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was resuspended in dry THF (15 ml) under a nitrogen purge with a reflux condenser.  
Silver trifluoromethanesulfonate (AgOTf) (0.1 g) was added to the solution.  This 
solution was allowed to reflux in the dark for 4 hours.  The resulting yellow solution was 
filtered over celite to remove white precipitate.  The THF was removed by vacuum to 
produce a yellow oil.  The oil was redissolved in 5 ml methylene chloride and layered 
with 50 ml of pentane at 0 ºC.  This was then placed stored overnight at -20 ºC.  The 
resulting crystals were collected using a fine glass frit and dried under vacuum overnight 
to give yellow solid. TLC of the product on silica gel with 9:1 methylene 
chloride:methanol eluent showed only a single spot. No further purification was pursued 
(29% yield). 
 
Protein labeling 
 The azurin to be labeled was transferred to a 25 mM HEPES buffer, pH 7.4 using 
an Amicon, and concentrated to about 1 mM.  This solution was then placed into 
Eppindorf tubes (1 ml), to which 100 μl of a saturated aqueous solution of DMP-Re was 
added.  This solution was then placed on a heating block at 37 ºC for 1 week in the dark.  
Excess label was removed using a PD-10 size exclusion column (GE Healthcare 
Piscataway, NJ). 
 
Labeled protein purification 
 Labeled azurin was separated from unlabeled protein using an FPLC and an 
IMAC column (Pharmacia).  Following the labeling reaction, the azurin solution was 
transferred to a 20 mM NaPi, 750 mM NaCl pH 7.2 buffer using an Amicon.  The 
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column was then loaded with 100 mM CuSO4 and washed with 5 column volumes of 20 
mM NaPi, 750 mM NH4Cl pH 7.2 buffer followed by 5 column volumes of 20 mM NaPi, 
750 mM NaCl pH 7.2 buffer.  About 1 ml of 1 mM azurin was loaded onto the column 
and run with the IMAC protocol at a flow rate of 1 ml/min (Table 5.1).  The labeled 
protein came off the column immediately while unlabeled protein stuck and came off 
with the NH4Cl buffer. 
 
Radical generation 
 Two methods were found to generate the tryptophan radical.  The first method 
involved a solution of 50 μM labeled protein (Q107H-(DMP-
Re)/W48F/Y72F/H83Q/Y108W) and 500 μM pentaamminechlorocobalt(III) chloride 
(Alfa Aesar Ward Hill, MA).  This deoxygenated solution was placed in a glass capillary 
and exposed to a xenon arc lamp.  The 355 nm light from the lamp created the excited-
state DMP-Re(I)* which was in turn oxidatively quenched by Co(NH3)5Cl.  The DMP-
Re(II) species (1.85 V)19 then oxidized W108 (1.02 V)23 creating the long lived trp108 
radical. 
 A second method of creating the radical did not require a metal label.  
Q107H/W48F/Y72F/H83Q/Y108W azurin (50 μM) was placed in front of a 280 nm laser 
beam (Spectraphysics FDO Mountain View, CA).  The tryptophan residue was directly 
photolyzed, resulting in the formation of the tryptophan radical and solvated electron.  
The solvated electron absorption signal (broad peak at ~700 nm) disappeared after ~4 μs 
and a steady-state difference spectrum was obtained for the radical.  When the solvated 
electron was generated in this fashion, it has three routes for disappearance:  
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Table 5.1  IMAC buffer and eluent composition table. 
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recombination with the tryptophan radical, reaction with the solvent, or reduction of the 
Cu2+ redox center to Cu+.  If the solvated electron recombines with the tryptophan 
radical, no net signal will be recorded in the steady state spectrum.  If the electron reacts 
with solvent, we will only observe an increase in absorption at 525 nm (tryptophan 
radical).  If the electron reduces the copper center, we expect to see an increase in 
absorption at 525 nm and a decrease in absorption at 625 nm (Cu2+).  As can be seen in 
Figure 5.4, the last scenario was observed:  formation of the tryptophan radical and 
reduction of the copper center are apparent in the steady-state difference spectrum.  This 
difference spectrum allowed for the calculation of an upper limit to the molar extinction 
coefficient of the tryptophan radical since more radical species will be generated than 
there will be loss of Cu2+ signal.  The resulting upper limit for the extinction coefficient is 
1750 M-1 cm-1, which is about half of the previously reported value.19  It is interesting to 
note that attempts to scavenge the solvated electron with N2O inhibited all radical 
generation with direct UV photolysis. 
 
Raman spectroscopy 
 Resonance Raman data was acquired using the instrumentation in the Beckman 
Institute Laser Resource Center.  The labeled protein sample (Q107H-(DMP-
Re)/W48F/Y72F/H83Q/Y108W) was excited with the 514 nm line from a Coherent 
Innova 70 argon ion laser (Santa Clara, CA).  The scattered light was focused onto a 100 
μm slit and dispersed in a Spex 750 spectrograph (Edison, NJ).  Raman signal was 
recorded using a Princeton Instruments liquid nitrogen cooled CCD detector (Acton, 
MA).  Power at the sample was less than 1 mW and a 530 nm long pass filter was placed 
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in front of the entrance slit to remove elastically scattered laser light.  Acquisition lasted 5 
minutes total (30-second scans), cosmic rays were removed, and difference spectra of pre 
(Figure 5.5) and post (Figure 5.6) photolysis were generated.  Samples were also allowed 
to equilibrate in D2O and the same Raman experiments were performed (Figure 5.7). 
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Figure 5.4  Steady-state absorption spectrum of the tryptophan radical and azurin Cu2+ 
bleach.
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Figure 5.5  Resonance Raman spectrum of Q107H-(DMP-Re) 
/W48F/Y72F/H83Q/Y108W labeled protein prior to exposure to xenon lamp (355 nm 
excitation of DMP-Re). 
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Figure 5.6  Resonance Raman spectrum of Q107H-(DMP -Re) 
/W48F/Y72F/H83Q/Y108W labeled protein post exposure to xenon lamp (355 nm 
excitation of DMP-Re); Pre-photolysis peaks (red), new post photolysis peaks (orange), 
Co(NH3)5Cl (blue), UV resonance Raman of tryptophan (purple).  Mode labels refer to 
UVRR spectrum. 
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Figure 5.7  Resonance Raman spectra of the D2O unphotolyzed, D2O photolyzed, D2O 
difference spectrum, H2O difference spectrum, and UV resonance Raman spectrum of 
tryptophan. 
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Discussion 
 Our results are in good agreement with calculations and previously reported 
experimental values (Table 5.2).  The assignments for the radical in H2O include a 1595 
cm-1 peak that corresponds to a normal mode involving C-N stretch and phenyl ring 
vibrations (W1).24-26  The 1562 and 1454 cm-1 modes primarily involve in-plane 
vibrations of the phenyl ring (W2 and W4).  The 1340 cm-1 mode (W7) is attributed to a 
Fermi resonance between a skeletal stretching fundamental and out-of-plane vibrations of 
the indole ring.  The 1148 cm-1 peak is the W3 mode that primarily consists of N-C and 
C-C stretches in the five-membered ring.  A number of tryptophan modes, such as the 
W3 and W7 modes, have been shown to be sensitive to tryptophan structure and local 
environment.24, 25  Preliminary data indicate that the resonance Raman spectrum of the 
radical in D2O is very similar to that obtained in H2O for this mutant.  The tentative 
assignments presented here demonstrate the wealth of information that may be obtained 
with resonance Raman spectroscopy, and lay important foundations for future studies of 
amino acid radical intermediates.   
 
Conclusion 
 The upper limit on the extinction coefficient for a tryptophan radical (Trp108) in 
an azurin mutant has been calculated to be 1750 M-1 cm-1.  This radical has been shown 
to be generated by direct photolysis with UV light; surprisingly, in the presence of the 
electron scavenger N2O, the tryptophan radical cannot be generated by direct photolysis.  
Finally, our Raman peaks for the tryptophan radical are in good agreement with both 
experimental and computational data. 
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Table 5.2  Raman shift (wavenumber) of the Trp108 radical in H2O from the current 
study, Trp306 radical from the DNA photolyase study,17 and calculations.18  Mode 
description and assignment from literature.24-26 
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